Adipokines may represent a mechanism linking insulin resistance to cardiovascular disease. We showed previously that homocysteine (Hcy), an independent risk factor for cardiovascular disease, can induce the expression and secretion of resistin, a novel adipokine, in vivo and in vitro. Since vascular smooth muscle cell (VSMC) migration is a key event in vascular disease, we hypothesized that adipocyte-derived resistin is involved in Hcy-induced VSMC migration. To confirm our hypothesis, Sprague-Dawley rat aortic SMCs were cocultured with Hcy-stimulated primary rat epididymal adipocytes or treated directly with increasing concentrations of resistin for up to 24 h. Migration of VSMCs was investigated. Cytoskeletal structure and cytoskeletonrelated proteins were also detected. The results showed that Hcy (300 -500 M) increased migration significantly in VSMCs cocultured with adipocytes but not in VSMC cultured alone. Resistin alone also significantly increased VSMC migration in a time-and concentration-dependent manner. Resistin small interfering RNA (siRNA) significantly attenuated VSMC migration in the coculture system, which indicated that adipocyte-derived resistin mediates Hcy-induced VSMC migration. On cell spreading assay, resistin induced the formation of focal adhesions near the plasma membrane, which suggests cytoskeletal rearrangement via an ␣5␤1-integrin-focal adhesion kinase/paxillin-Ras-related C3 botulinum toxin substrate 1 (Rac1) pathway. Our data demonstrate that Hcy promotes VSMC migration through a paracrine or endocrine effect of adipocytederived resistin, which provides further evidence of the adiposevascular interaction in metabolic disorders. The migratory action exerted by resistin on VSMCs may account in part for the increased incidence of restenosis in diabetic patients.
THE TRADITIONAL VIEW of adipose tissue as a passive reservoir for energy storage is no longer valid. As a novel endocrine organ, adipose tissue is now known to express and secrete various bioactive peptides known as adipokines, which act at both the local (autocrine/paracrine) and systemic (endocrine) levels. Adipokines could be important for the development of obesity-related diseases such as diabetes, cardiovascular diseases, and cancer (40) . Features of adipose deposits that may confer increased cardiovascular risk include leukocyte infiltration and evidence of increased adipose macrophage activity (44, 45) . Adipocyte-endothelium cross talk has been suggested as an important mechanism of cardiovascular disease in metabolic syndrome (42) . However, whether adipokines derived from adipose tissue are mediators of increased vascular risk is still unclear.
Homocysteine (Hcy) is a sulfur-containing amino acid formed during the metabolism of methionine. Hyperhomocysteinemia (HHcy) has been implicated as an independent risk factor for vascular disease (21, 24, 25) and insulin resistance (18, 22) . Insulin resistance has been strongly associated with atherosclerosis and frequently coexists with common proatherogenic disorders such as neointimal hyperplasia. Therefore, common mechanisms may exist between HHcy-induced vascular disease and insulin resistance. Compelling evidence has suggested the involvement of secretion of proinflammatory factors in human monocytes in HHcy-elicited atherosclerosis (8, 48) .
We recently reported (18) that Hcy is highly accumulated in adipose tissue and can induce the expression and secretion of resistin, a novel adipokine, in vivo and in vitro and subsequently promote insulin resistance. Resistin is a well-characterized adipokine and positively related to insulin resistance (39) . Moreover, resistin is predictive of coronary atherosclerosis in humans (34) . Verma et al. (42) found that resistin activates human endothelial cells by promoting endothelin-1 release in vitro. Burnett et al. (2) further strengthened the concept that resistin is an effector molecule that mechanistically links the metabolic syndrome and insulin resistance to atherosclerotic cardiovascular disease, possibly through an inflammatory mechanism. Resistin promotes vascular smooth muscle cell (VSMC) proliferation through the ERK1/2-phosphatidylinositol 3-kinase (PI3K) pathway (3), which can be enhanced by hypoxia (13) . Migration of VSMCs from the tunica media to the intima is crucial for neointima formation in atherosclerosis and postangioplasty restenosis (47) , with high incidence in patients with type 2 diabetes. However, whether the novel adipokine resistin participates in the migratory response of VSMCs, especially under HHcy, has not been addressed.
In the present study, we hypothesized that adipocyte-derived resistin induced by Hcy is involved in VSMC migration during insulin resistance. We investigated whether resistin directly promotes VSMC migration in HHcy and, if so, the molecular pathways involved. We demonstrated for the first time that Hcy induces VSMC migration through an endocrine or paracrine effect of adipokine resistin via an ␣ 5 ␤ 1 -integrin-focal adhesion kinase (FAK)/paxillin-Ras-related C3 botulinum toxin sub-strate 1 (Rac1) pathway. Our data provide further evidence of adipose-vascular interaction in metabolic disorders. Resistininduced migration of VSMCs may account in part for the increased incidence of restenosis in diabetes patients.
MATERIALS AND METHODS

Materials.
Recombinant resistin was purchased from Phoenix Pharmaceuticals (Belmont, CA). Hcy, Hoechst 33254, and mouse-anti-␣-actin and rabbit-anti-phospho-FAK (Tyr397) antibodies were purchased from Sigma Chemical (St. Louis, MO). Rabbit anti-phosphopaxillin (Tyr118) antibody was purchased from Cell Signaling Technology (Beverly, MA). Hamster anti-active ␣ 5␤1-integrin antibody (HMa5-1), rabbit anti-phospho-FAK (Tyr576/577), and rabbit anti-␤-actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-resistin was purchased from Millipore (Billerica, MA). Rhodamine phalloidin was purchased from Invitrogen (Carlsbad, CA). Rabbit anti-paxillin antibody was purchased from Epitomics (Burlingame, CA). NSC23766 was purchased from Calbiochem (La Jolla, CA). IRDye-conjugated affinity purified anti-rabbit, -mouse, and -goat IgGs were purchased from Rockland (Gilbertsville, PA). PE mouse-anti-hamster secondary antibody was purchased from BD Pharmingen (Mississauga, ON, Canada). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from GIBCO BRL (Rockville, MD).
Cell culture. Rat aortic VSMCs were isolated from the thoracic aortas of 3-to 4-wk-old male Sprague-Dawley rats. Isolated VSMCs were cultured in DMEM supplemented with 10% FBS, 25 mmol/l HEPES (pH 7.4) at 37°C in a humidified atmosphere of 95% air and 5% CO 2. VSMCs were identified by the characteristic "hill-andvalley" growth pattern and positive immunocytochemical staining with a monoclonal antibody against smooth muscle ␣-actin. VSMCs at passages 4 -8 were used in the experiments.
Mature adipocytes were isolated from epididymal fat pads of Sprague-Dawley rats (160 -200 g) as previously described (18) . Packed adipocytes were diluted in serum-free DMEM to generate a 10% (vol/vol) cell suspension. For the coculture system, isolated mature adipocytes in 10% (vol/vol) cell suspension were added into the plate with VSMCs.
The investigation conformed with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Pub. No. 85-23, revised 1996) and was approved by the Animal Care and Use Committee of Peking University.
Resistin small interfering RNA transfection. Resistin small interfering RNA (siRNA) was designed with Block-iT RNAi Designer and chemically modified by the manufacturer (Stealth siRNAs, Invitrogen). Sequences corresponding to the siRNA of resistin were siRes335: sense 5Ј-GGACGUCCGUGAGGAUACAAUGUGU-3Ј and antisense 5Ј-ACACAUUGUAUCCUCACGGACGUCC -3Ј and siRes572: sense 5Ј-UGGUGGUGAUAAAGAUGCACGGUAA-3Ј and antisense 5Ј-UUACCGUGCAUCUUUAUCACCACCA-3Ј. Transfection of rat adipocytes with the siRNA (100 nmol/l) in vitro was performed with Oligofectamine (Invitrogen) according to the manufacturer's instructions. A scrambled Stealth RNAi duplex (catalog no. 12935, Invitrogen) served as a negative control.
RNA extraction and quantitative real-time PCR analysis. Total RNA from primary cultured rat epididymal adipocytes was isolated with TRIzol reagent according to the manufacturer's instructions (Invitrogen). Total RNA (1 g) was reverse transcribed with a reverse transcription system from Promega (Madison, WI). One microliter of the reaction mixture was subjected to PCR. The amount of PCR products formed in each cycle was evaluated on the basis of SYBR Green I fluorescence. The specific primers for rat resistin were sense: 5Ј-CTACATTGCTGGTCAGTCTCC-3Ј and antisense: 5Ј-GCT-GTCCAGTCTATGCTTCC-3Ј, and the primers for rat ␤-actin were sense: 5Ј-GAGACCTTCAACACCCCAGCC-3Ј and antisense: 5Ј-TCGGGGCATCGGAACCGCTCA-3Ј. All amplification reactions involved use of the Mx3000 Multiplex Quantitative PCR System (Stratagene, La Jolla, CA) under the following conditions: 95°C for 5 min and then 40 cycles at 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s. Melting curve analysis was from 55°C to 95°C at 0.2°C/s with Optics Ch1 On. The mRNA expression was quantified by use of the comparative cross threshold (CT) method with Stratagene Mx3000 software. PCR reactions were performed in duplicate, and each experiment was repeated three to five times.
Western blot analysis. Proteins were subjected to 10% SDS-PAGE and then transferred to a polyvinylidene fluoride membrane. The membrane was incubated successively with 0.1% bovine serum albumin (BSA) in Tris-Tween-buffered saline at room temperature for 1 h with primary antibodies at 4°C for 12 h and then with IRDyeconjugated secondary antibody for 1 h. A specific immunofluorescence band was detected by the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE).
Immunofluorescent staining. After treatment, cells were washed with phosphate-buffered saline (PBS), fixed with 3.7% paraformaldehyde for 15 min at room temperature, and then treated with 0.1% Triton X-100 in PBS for 5 min. After washing, cells were blocked with 1% BSA in PBS for 30 min. Next, cells were incubated with primary antibodies for 1 h at room temperature, washed with PBS, and then incubated with FITC-conjugated secondary antibodies for 1 h in the dark. For F-actin staining, cells were incubated with rhodamine phalloidin for 30 min. The nuclei were visualized by staining with Hoechst 33254 for 2 min. Cells were mounted with 90% glycerol-PBS and examined by confocal laser scanning microscopy (Leica).
VSMC migration assays. Migration assays were performed by two approaches: scratch wound assay and modified Boyden chamber assay. For the scratch wound assay, VSMCs were cultured until they reached confluence. An area of cells was removed with a sterile pipette tip and then incubated at 37°C for the indicated times. The furthest distance that cells migrated from the wound edge was measured, and relative wound closure was calculated (average of 5 independent microscope fields for each independent experiment).
Modified Boyden chamber cell migration assay was performed in chemotaxis chambers (Neuroprobe, Pleasanton, CA). Briefly, VSMCs were suspended in DMEM-0.5% FBS to a concentration of 4 ϫ 10 5 /ml. Fifty microliters of suspension with VSMCs was placed in the upper chamber, and 27 l of DMEM-5% FBS was placed in the lower chamber. Resistin at different concentrations was added. After incubation, the cells on the upper surface were removed and the cells on the underside were fixed and stained. The mean number of cells was counted from five randomly chosen fields under light microscopy in three independent experiments.
Cell spreading assay. VSMCs resuspended in DMEM containing 0.5% FBS were replated on a special dish for confocal microscopy. Subsequently, the cells were allowed to spread for the indicated interval at 37°C. The dish was then washed with cold PBS to discard unattached cells.
Assay of ␣5␤1-integrin activity. After treatment, cells were washed with PBS and then incubated for 1 h on ice with anti-active ␣ 5␤1-integrin antibody HMa5-1. Cells were washed three times and then incubated with PE mouse anti-hamster secondary antibodies for 1 h in the dark. Fluorescence intensity was detected by flow cytometry (BD Bioscience, San Jose, CA).
Rac1 activity assay. After treatment, cells were harvested and lysates were made with the Rac1 Activation Assay Kit (Upstate Technologies, Lake Placid, NY). Briefly, cells were lysed in magnesium lysis buffer (MLB). Cell lysates were precleared for 10 min with glutathione S-transferase (GST) beads. Lysates were then incubated with p21-activated kinase-1 (PAK-1) p21-binding domain (PBD)-agarose for 1 h at 4°C. Beads were washed three times in MLB, and samples were prepared for electrophoresis by adding 2ϫ SDS loading dye and resolved by 15% SDS-PAGE. Guanosine 5Ј-triphosphate (GTP)-bound Rac1 was identified by use of anti-Rac1 antibody.
Migration of VSMCs out of rat aortic explants.
Rat thoracic aortas were thoroughly dissected from connective tissue and cut open longitudinally, and the intima and a thin portion of the subjacent media were removed. Rat thoracic aortas were weighed and trimmed to normalize the weight to 30 mg. The aorta was cut into 20 pieces, and each piece was placed in a chambered slide with the endothelium facing down and cultured in DMEM containing 0.5% (vol/vol) FBS. Medium was replaced every day for 5 days before analysis of the explants by light microscopy. To count cells that migrated out of the explant, the remaining tissue was removed and cells that had migrated away from the explant were detached with 0.05% trypsin-EDTA and counted under a microscope.
Statistical analysis. Data are expressed as means Ϯ SE. Data analysis involved use of GraphPad Prism software. One-way ANOVA, Student-Newman-Keuls test (comparisons between multiple groups), or unpaired Student's t-test (between 2 groups) was used as appropriate. A P Ͻ 0.05 was considered statistically significant.
RESULTS
Adipocyte-derived factor(s) mediates Hcy-induced VSMC migration.
We first investigated whether adipocyte-derived factors facilitated VSMC migration with an adipocyte-VSMC coculture system under Hcy stimulation. In vitro scratch wound assay revealed that with Hcy stimulation (500 M) VSMC migration was significantly enhanced; migration ability, as measured by wound closure, was significantly increased 3.2-fold in the coculture group but not altered in the control group. Smooth muscle ␣-actin staining excluded the contamination of fibroblasts or other adipose-derived stroma cells other than VSMCs (Fig. 1A) . Control and coculture groups showed no difference in cell number. Migration ability of VSMCs cocultured with adipocytes was significantly increased by Hcy stimulation in a time-dependent manner as early as 12 h and remained increased up to 24 h (Fig. 1C) and in a concentrationdependent manner with maximal effect at 500 M (Fig. 1D) . To validate our in vitro data, we investigated whether Hcy serves as a directional cue for VSMCs within a vessel fragment cocultured with adipocytes by counting the ability of VSMCs to migrate out of aortic explants cocultured with adipocytes with or without Hcy treatment. The number of cells migrating out with Hcy stimulation (500 M) was significantly increased in the coculture group but not in the control group (Fig. 1B) . To eliminate the direct effect of adipocytes, primary cultured rat epididymal adipocytes or Cos-7 cells were treated with Hcy (500 M) for 24 h. The conditioned medium was then collected and transferred to the primary cultured rat VSMCs. As shown in Fig. 1E , VSMCs treated with the conditioned medium from Hcy-treated adipocytes showed significantly increased migration ability in a time-dependent manner. Thus adipocyte-derived factor(s) induced by Hcy facilitated VSMC migration through a paracrine or an endocrine pathway.
Resistin participates in Hcy-induced migration of VSMCs cocultured with adipocytes. We showed previously (18) that Hcy can induce the expression and secretion of resistin, a novel adipokine, from adipocytes. Since Hcy stimulated migration ability in VSMCs cocultured with adipocytes, we wondered whether resistin could affect VSMC migration directly. Scratch wound assay revealed that resistin induced VSMC migration in a time-and concentration-dependent manner (Fig. 2, A and B) . Migration was induced by 100 ng/ml resistin as early as 6 h and remained increased up to 24 h ( Fig. 2A) . Resistin treatment (10 -100 ng/ml) for 24 h caused a concentration-dependent increase in migration ability in primary cultured rat VSMCs (Fig. 2B) . To confirm these results, we used the classic method for assessment of cell migration, a modified Boyden chamber assay. As shown in Fig. 2C , the number of migrated VSMCs was significantly increased when cells were treated with increasing concentrations of resistin (10 -100 ng/ml), beginning at a concentration as low as 10 ng/ml, with maximal induction at 100 ng/ml. Thus the adipokine resistin promoted VSMC migration directly.
In the adipocyte-VSMC coculture system, knockdown of adipocyte resistin by specific siRNA was first verified, with knockdown efficiency of ϳ60% at both mRNA and protein levels (Fig. 2, D and E) . Scratch wound assay revealed that compared with scrambled siRNA, resistin siRNA knockdown retarded the migration of VSMCs cocultured with Hcy-stimulated adipocytes (Fig. 2F) . To validate our in vitro data, ex vivo experiments were also performed. Compared with scrambled siRNA, resistin siRNA knockdown in adipocytes retarded by ϳ50% the ability of VSMCs cocultured with Hcy-stimulated adipocytes to migrate out of rat aortic explants (Fig. 2G) . These results suggest that resistin participates in Hcy-induced migration of VSMCs cocultured with adipocytes.
Resistin induces cytoskeletal rearrangement and formation of focal adhesion assemblies in VSMCs. Because dynamic regulation of focal adhesion and reorganization of the associated actin cytoskeleton are crucial determinants of cell migration (11), we next investigated whether resistin had any influence on cytoskeletal rearrangement in VSMCs. VSMCs were digested and applied to spreading assays incubated with 100 ng/ml resistin. Compared with control cells, resistin-stimulated VSMCs significantly spread 6 h after seeding, as seen on light microscopy (Fig. 3A) . Examination of immunofluorescence staining by confocal microscopy showed actin fibers of VSMCs pretreated with resistin (100 ng/ml) rearranged in the cytoplasm and assembled into parallel and elongated stress fibers 6 h after seeding but actin fibers of control VSMCs mainly distributed on the edge of cells (Fig. 3B) . Furthermore, examination of the leading edge of the migrating cells by actin fiber staining revealed multiple protrusions and extensions in resistin-treated cells, which were vertical with the scratch wound and indicated the direction of VSMC migration (Fig.  3C) . Recruitment of actin fibers to the cell membrane and stabilization of stress fibers are achieved via focal adhesion components, and immunolocalization of paxillin can be used to identify mature focal adhesion. As shown in Fig. 3B , double staining for paxillin and F-actin showed the assembly of actin cytoskeleton into parallel stress fibers and increased paxillin localization at the tips of the cells along with actin fibers in VSMCs pretreated with resistin (100 ng/ml) for 6 h. These results indicate that resistin induces cytoskeletal rearrangement and formation of focal adhesion assemblies in VSMCs.
␣ 5 ␤ 1 -Integrin mediates resistin-induced VSMC migration. Integrins are a family of transmembrane glycoproteins that mediate cell-cell and cell-matrix interactions and play a major role in the activation of signaling events in focal adhesions and the actin-based cytoskeleton. Among them, ␣ 5 ␤ 1 -integrin has been reported to be related to cell migration (15, 29, 46) . We next detected whether ␣ 5 ␤ 1 -integrin was induced by resistin. Flow cytometry revealed that ␣ 5 ␤ 1 -integrin was activated about threefold with resistin treatment of 5 min (100 ng/ml, Fig. 4A ). The neutralizing antibody of ␣ 5 ␤ 1 -integrin substantially inhibited resistin-induced cytoskeletal rearrangement (Fig. 4B ) and retarded resistin-induced VSMC migration (Fig.  4C) . However, both the mRNA and protein levels of ␣ 5 ␤ 1 -integrin were not affected by resistin treatment (data not shown). These results indicate that ␣ 5 ␤ 1 -integrin activation plays an important role in resistin-induced VSMC migration.
Resistin activates cytoskeleton-related proteins. FAK and paxillin are adaptor proteins between actin fibers and focal adhesions. Tyrosine phosphorylation of FAK and paxillin plays an important role in the dynamic regulation of focal adhesions and reorganization of the associated actin cytoskeleton (5, 27) . As shown in Fig. 5 , A-C, resistin (100 ng/ml) significantly induced phosphorylation of FAK (Tyr397 and Tyr576/577) and paxillin (Tyr118) from 5 min until 60 min in VSMCs, but Hcy (500 M) had no effect. Furthermore, resistin-induced FAK and paxillin activation was inhibited by pretreating cells with a neutralizing antibody of ␣ 5 ␤ 1 -integrin for 1 h (Fig. 5, D-F) . These results strongly indicate that cytoskeleton-related proteins, such as FAK and paxillin, may act downstream of integrin to mediate resistin-induced VSMC migration.
Rac1 participates in resistin-induced VSMC migration. Rac1 is a member of the Rho family of small GTP-binding proteins, which regulate assembly of actin cytoskeletal structures associated with cell motility and metastasis (12, 38) . We next investigated whether Rac1 was activated during resistininduced VSMC migration. We detected the activation states of endogenous Rac1 in VSMCs under resistin treatment and found that resistin significantly activated Rac1 in rat VSMCs as Fig. 3 . Resistin induces cytoskeletal rearrangement and formation of focal adhesion assemblies in VSMCs. A: resistin treatment (100 ng/ml) stimulated VSMC spreading as measured by light microscopy; magnification ϫ100. B: double staining for paxillin and F-actin revealed the formation of focal adhesion assemblies in VSMCs treated with resistin, Photographs were taken by confocal microscopy; magnification ϫ1,000. C: 6 h after wounding, cells at the migrating edge were stained for F-actin. Photographs were taken by confocal microscopy; magnification ϫ600. F-actin stained in red, paxillin stained in green, and nucleus stained in blue. Results are representative of 3 independent experiments. early as 5 min (Fig. 6A) . This activation was inhibited by pretreating cells with a neutralizing antibody of ␣ 5 ␤ 1 -integrin for 1 h (Fig. 6B) . To further determine whether Rac1 participated in resistin-induced VSMC migration, VSMCs were pretreated with the Rac1 inhibitor NSC23766 (100 M) for 24 h and then stimulated with resistin (100 ng/ml) for 24 h. Scratch wound assay revealed that resistin-induced VSMC migration was significantly attenuated by NSC23766 (Fig. 6D) , which also significantly attenuated resistin-induced assembly of VSMC actin cytoskeleton (Fig. 6C) . Thus Rac1 participates in resistin-induced VSMC migration by acting downstream of integrin.
DISCUSSION
In the present study, we demonstrated for the first time that Hcy promotes VSMC migration at least in part through the endocrine or paracrine effect of the adipokine resistin via an ␣ 5 ␤ 1 -integrin-FAK/paxillin-Rac1 pathway. Since we recently reported (18) that Hcy can induce the expression and secretion of resistin from adipocytes through the reactive oxygen species-PKC-NF-B pathway in vivo and in vitro, and subsequently promote insulin resistance, the present results provide further evidence of adipose-vascular interaction and may account for the development of HHcy-associated insulin resistance and vascular complications.
Patients with insulin resistance are at increased risk of cardiovascular disease (30) , and emerging evidence points to a common origin of metabolic and cardiovascular processes (20) . Adipose tissue plays an important role in the development of a systemic inflammatory state that contributes to obesityassociated insulin resistance, vasculopathy, and cardiovascular risk, because circulating mediators of inflammation participate in the mechanisms of vascular insult and atheromatous change, and many of these inflammatory proteins are secreted directly from adipocytes and adipose tissue-derived macrophages (26) . Several factors linking obesity to increased cardiovascular risk have been identified. The adipocyte-specific secretory protein resistin is a particularly promising candidate in this context, although macrophages are another important source of human resistin (42) . Resistin level is predictive of coronary atherosclerosis in humans (34); resistin also activates human endo- thelial cells by promoting endothelin-1 release (42), promotes VSMC proliferation (3), and enhances the formation of foam cells (17) . In the present study, we showed that adipocytes treated with Hcy facilitated VSMC migration (Fig. 1, A and B) and resistin played an important role in this process (Fig. 2,  A-C, F, G) . VSMC migration is a crucial process in the pathogenesis of atherosclerosis and restenosis, especially in patients with insulin resistance or type 2 diabetes (16). Therefore, resistin is an intensive effector molecule that links metabolic syndrome and insulin resistance to complicated vasculopathy and atherosclerotic cardiovascular diseases.
Cell migration begins with stimulation of cell surface receptors and is a complex process involving receptor-mediated adhesion, membrane protrusion, and the formation of discrete cell-matrix adhesion sites linked to a reorganization of the actin cytoskeleton (5, 11) . In the present study, we provide direct evidence that resistin promotes VSMC adhesion and spreading (Fig. 3A) , which results in cytoskeletal rearrangement and phosphorylation of FAK and paxillin (Fig. 3B, Fig. 5, A-C) . Because cell migration is a coordinated process consisting of signaling and cytoskeletal rearrangement, our data suggest that resistin might enhance the interaction between extracellular matrix and actin fiber structuring during cell migration. The cytoplasmic tails of integrins are linked to actin cytoskeleton via a complex of anchoring proteins known as focal adhesion components (4), including FAK and paxillin; the association of paxillin with integrins markedly enhanced the rates of integrindependent phosphorylation of FAK and cell migration (19, 33) . Our finding that resistin significantly enhanced levels of phosphorylated paxillin might explain the increased phosphorylation of downstream kinases such as FAK in VSMCs. It was also reported that paxillin is a substrate for FAK-Src complex (43) ; therefore, further investigation of the interaction between FAK and paxillin in resistin-induced VSMC migration is still needed. VSMC migration is associated with the expression of an altered set of integrins with different functional ability. Among them, ␣ 5 ␤ 1 -integrin, which is highly abundant in cultured VSMCs, has important implications for VSMC signaling (29) . ␣ 5 ␤ 1 -Integrin could be a receptor mediating VSMC behaviors to cause vessel narrowing during the progression of atherosclerosis (46), especially through stimulating VSMC migration, since ␣ 5 ␤ 1 -integrin, together with ␣ v ␤ 3 -integrin, has been shown to be responsible for VSMC migration into fibrin gels (15) . In the present study, we showed that although ␣ 5 ␤ 1 -integrin mRNA and protein levels were not affected, ␣ 5 ␤ 1 -integrin was significantly activated under resistin treatment (Fig. 4A ) and the neutralizing antibody of ␣ 5 ␤ 1 -integrin significantly inhibited resistin-induced cytoskeletal rearrangement (Fig. 4B) and retarded resistin-induced VSMC migration (Fig.  4C) , which indicates that ␣ 5 ␤ 1 -integrin plays an important role in resistin-induced VSMC migration. Integrins can assume various affinity states that can be regulated by bidirectional signaling (14, 32) , either by "outside-in" signaling induced by extracellular factors or "inside-out" signaling, whereby intracellular events lead to extracellular conformational changes that determine the affinity for ligands and integrin on the cell surface (7, 37) . ␣ v ␤ 3 -Integrin, expressed in smooth muscle cells, modulates insulin-like growth factor-I (IGF-I) actions in stimulating cell migration and division through interaction with IGF-I receptor (6) . The receptor for resistin is still unknown. As a peptide hormone, resistin might exert its effect on VSMC migration through the interaction of its receptor with ␣ 5 ␤ 1 -integrin. Further investigation is needed to clarify how resistin affects integrin affinity.
Rho family GTPases (Rho, Rac, and Cdc42) have distinct functions in regulating the actin-based cytoskeletal structure (41). Among them, Rac1 induces lamellipodia formation and membrane ruffles, as well as wavy, loose bundles of actin filaments in the periphery (35, 38) . Activation of Rac1 has been observed during VSMC migration stimulated by platelet-derived growth factor (9) . In the present study, Rac1 activity was significantly induced by resistin treatment (Fig. 6A) ; inhibition of Rac1 activity attenuated resistin-induced cytoskeletal rearrangement (Fig. 6C ) and migratory activity of VSMCs (Fig.  6D) , which indicates the important role of Rac1 in resistininduced VSMC migration. Recent studies have suggested that integrins can activate Rac (31) , and overexpression of ␤ 1 -integrin increased Rac1 activity and lamellipodia formation (23) . Inhibition of ␣ 5 ␤ 1 -integrin activity impaired Rac1 activity (Fig. 6B) , which revealed that Rac1 is the downstream signal of ␣ 5 ␤ 1 -integrin in resistin-induced VSMC migration.
HHcy is an independent risk factor for atherosclerosis. HHcy likely contributes in part to enhance vascular inflammation and atherogenic damage by promoting monocyte chemoattractant protein-1 (MCP-1) secretion via oxidation stress and NF-B activation (8, 48) , impairing endothelial function (10), inducing endoplasmic reticulum stress (28) , and modulating the metabolism of cholesterol (36) . However, the precise mechanism is still elusive. It was reported that Hcy alone could stimulate VSMC migration directly in a p38-dependent pathway only at large doses (1-2 mM) (1). In the present study, we showed that a lower dose of Hcy (300 -500 M) promotes VSMC migration through the endocrine or paracrine effect of the adipokine resistin via an ␣ 5 ␤ 1 -integrin-FAK/paxillin-Rac1 pathway, which could not be regulated by angiotensin II, the peptide which is well known to modulate VSMC migration and be elevated in diabetes. Our results provide a novel insight into and a new signaling pathway for the mechanism of adiposevascular interaction in HHcy-facilitated vascular complications.
In conclusion, our present results demonstrate that Hcy promotes VSMC migration through an endocrine or a paracrine effect of adipokine resistin, which provides further evidence of adipose-vascular interaction in metabolic disorders. The migratory action exerted by resistin on VSMCs may account in part for the increased incidence of restenosis and atherosclerosis in diabetes patients.
